DNA methylation is a major epigenetic process which regulates the accessibility of genes to the transcriptional machinery. In the present study, we investigated whether modifying the global DNA methylation pattern in the brain would alter cocaine intake by rats, using the cocaine self-administration test. The data indicate that treatment of rats with the DNA methyltransferase inhibitors 5-aza-2 ′ -deoxycytidine (dAZA) and zebularine enhanced the reinforcing properties of cocaine. To obtain some insights about the underlying neurobiological mechanisms, a genome-wide methylation analysis was undertaken in the prefrontal cortex of rats self-administering cocaine and treated with or without dAZA. The study identified nearly 189 000 differentially methylated regions (DMRs), about half of them were located inside gene bodies, while only 9% of DMRs were found in the promoter regions of genes. About 99% of methylation changes occurred outside CpG islands. Gene expression studies confirmed the inverse correlation usually observed between increased methylation and transcriptional activation when methylation occurs in the gene promoter. This inverse correlation was not observed when methylation took place inside gene bodies. Using the literature-based Ingenuity Pathway Analysis, we explored how the differentially methylated genes were related. The analysis showed that increase in cocaine intake by rats in response to DNA methyltransferase inhibitors underlies plasticity mechanisms which mainly concern axonal growth and synaptogenesis as well as spine remodeling. Together with the Akt/PI3K pathway, the Rho-GTPase family was found to be involved in the plasticity underlying the effect of dAZA on the observed behavioral changes.
Drug dependence is currently viewed as a chronic brain disease characterized primarily by a compulsive drug-seeking and drug-taking behavior. It occurs over time and requires persistent cellular adaptations (Nestler 2001; White & Kalivas 1998) . Among the brain areas in which these adaptations take place, the prefrontal cortex (PFCx) appears to play a key role in compulsive drug-taking, in craving and relapse after withdrawal as well as in the development and maintenance of behavioral sensitization (Goldstein & Volkow 2002) . Dysfunction of the frontal cortex triggers greater impulsivity and impaired decision-making, which are often observed in chronic cocaine users (Bolla et al. 2003) .
One area of intensive research aims at identifying the long-term adaptations induced by drugs of abuse. From data accumulated over the last decade, it is clear that epigenetic regulation of gene expression is part of the responses of brain cells to the repeated exposure to cocaine or alcohol. There are several epigenetic processes regulating the accessibility of genes to the transcriptional machinery. Among these mechanisms, one should mention DNA methylation, posttranslational histone modifications and interfering RNAs, especially microRNAs that interact with enzymes responsible for chromatin remodeling (Cassel et al. 2006; Colvis et al. 2005; Kim et al. 2008) .
DNA methylation occurs predominantly at cytosineguanine dinucleotide sequences, called CpG sites, to generate 5-methylcytosine (5mC) (Goll & Bestor 2005) . However, based on recent reports, it is clear that cytosine methylation also occurs at non-CpG sites, especially in mature neurons of the frontal cortex (Lister et al. 2013) . The identification of TET (ten-eleven translocation) family enzymes that catalyze the oxidation of 5mC to 5-hydroxymethylcytosine (5hmC) and further to 5-formyl-and 5-carboxyl-cytosine has provided new insights into the understanding of demethylation mechanisms (Guo et al. 2011; Tahiliani et al. 2009 ).
Methylation of DNA is recognized for being involved in the constitutive silencing of chromatin regions (Ng & Bird 1999) . DNA methylation reaction is catalyzed by a family of enzymes called DNA methyltransferases (DNMTs) (Moore et al. 2013) . Three major DNMTs are found in mammals: DNMT1, DNMT3a and DNMT3b. The two latter enzymes, called de novo DNMTs, are believed to be responsible for establishing the methylation pattern during embryonic development and show equal activity toward unmethylated and hemi-methylated DNA (Okano et al. 1999) . In contrast, the maintenance enzyme DNMT1 displays strong preference for hemi-methylated sites generated during cell replication. However, the intriguing observation that post-mitotic neurons express high levels of DNMTs, including DNMT1, challenges this traditional viewpoint (Goto et al. 1994) . Several laboratories, including our own, have reported that repeated contingent or non-contingent cocaine administration to rats was able either to modify the global amount of 5mC in the brain or to act on some CpG dinucleotides within specific genes (Anier et al. 2010; Carouge et al. 2010; LaPlant et al. 2010; Massart et al. 2015; Pol Bodetto et al. 2013; Tian et al. 2012) .
In the present study, we investigated whether modifying the global methylation pattern in the brain would alter cocaine intake by rats in an intravenous (i.v.) self-administration paradigm. To this end, the DNMT inhibitors 5-aza-2 ′ -deoxycytidine (dAZA) or zebularine were injected into the cerebral ventricles (intracerebroventricular, i.c.v.) of rats, before measuring the reinforcing properties of cocaine. Both inhibitors are cytosine analogs that probably operate by substituting for cytosine during base excision repair. The altered base traps all DNMTs, resulting in demethylation and decrease in DNMT activity (Day & Sweatt 2010) . We next identified differentially DNA methylated regions in the PFCx of rats self-administrating cocaine and treated with or without dAZA, using a whole-genome methylation analysis. A core analysis was performed to determine gene networks potentially involved in the behavioral outcome triggered by DNMT inhibitors in rats taking cocaine.
Materials and methods

Animals
Five-week-old male Wistar rats (Janvier, Le Genest-Saint-Isle, France), weighing 150-175 g, were housed in standard home cages (5 rats per cage), under an inverted 12-h light-dark cycle (lights on at 1900 h). Animals had free access to food and water. After surgery for catheter implantation into the jugular vein, animals were housed individually so that acoustic, olfactory and visual social contacts remained possible. They were allowed to recover for 7-10 days before the beginning of the drug self-administration test, which was conducted during the dark period. All procedures involving animal care were conducted in compliance with national laws and policies (Council directive 87848, 1987 , Service Vétérinaire de la Santé et de la Protection Animale; permission 67-165 to J.Z. and 67-370 to P.R.) and with international guidelines (NIH publication 5586-23, 1985) . A total of about 70 rats have been used in the present study, including those used in preliminary experiments.
Surgical procedures
The i.v. catheterization procedure was performed as described (Caine et al. 1993) . Rats were anesthetized by the intraperitoneal (i.p.) injection (1 ml/kg) of a 5/1 (v/v) mixture containing 0.1 g/ml ketamine (Imalgene 1000 ® , Centravet, France) and 20 mg/ml xylazine (Rompun ® , Centravet, Dinan, France), prior to surgical implantation of a chronic indwelling catheter in the right jugular vein. The silicone catheter (Silastic ® , Plastics One, Roanoke, VA, USA), was fitted to a 23-gauge guide cannula that was bent at a right angle and then embedded in dental cement on a circular 2.5-cm mersilene mesh base. A discrete incision was performed onto the jugular vein; the heparinized catheter was immediately inserted 3.6 cm into the vein and anchored with suture. Catheters were flushed daily with 150 μl saline solution containing 100 U/ml heparin and 50 mg/ml ampicillin to prevent clotting and infection, respectively.
Immediately after catheter placement, 23-gauge stainless steel guide cannulae were implanted bilaterally for i.c.v. infusion of DNMT inhibitors, at the stereotaxic co-ordinates: −0.9 mm anterior-posterior (AP), ±1.8 mm medial-lateral (ML) and −3 mm dorsal-ventral (DV) from the skull surface (Paxinos & Watson 1997) . The infusion cannula extended 1 mm beyond the tip of the guide cannula. The correct placement of cannulae was assessed by direct observation following the injection of a methylene blue solution. Guide cannulae were secured to the skull with dental cement and steel screws.
Pharmacological treatment
Cocaine hydrochloride (Cooper, Melun, France) solution was adjusted with 0.9% NaCl to infuse an i.v. dose of 0.33 mg/kg/injection for self-administration. The DNMT inhibitors dAZA and zebularine (Sigma-Aldrich, St Quentin Fallavier, France) were dissolved at 1 mg/ml in a sterile saline solution containing 10% dimethylsulfoxide and stored at −20 ∘ C. About 5 μl dAZA, zebularine or vehicle was infused daily 20 min before each cocaine self-administration session over a 2-min period using a Hamilton microsyringe, except for the dose-response curve (see below). Infusion cannulae remained in place for 1 min after infusion to allow drug diffusion.
Cocaine operant self-administration
Drug self-administration was performed as previously described (Romieu et al. 2008) in dark operant chambers (30 × 30 × 30 cm 3 ) located in a sound-attenuated room. Briefly, a computer-driven syringe pump (Imetronic, Pessac, France) activated a 10-ml syringe and pushed fluid into Silastic tubing connected to the rat through its externalized 23-gauge guide cannula. Each chamber was equipped with two 3-cm diameter holes on the same wall, located 4 cm above the floor; one was selected as the active hole for delivering the reinforcer and the other as the inactive hole. Disruption of an infrared photobeam in each hole (nose-poke, NP) was detected using a digital input card (DIO-24; National Instrument, Austin, TX, USA) and homemade LabView software (National Instrument). The NPs into both holes were recorded. The NPs into the inactive hole had no programmed consequence. The NPs into the active hole triggered the i.v. delivery of a 60-μl cocaine solution over 2 seconds under the control of the computer. A flashing light, located 8 cm above the active hole, was paired contingently with the delivery of cocaine and persisted for 5 seconds, followed by a white light illuminating the chamber for 35 seconds. A 40-second time-out period began simultaneously to the cocaine injection. No cut-off was applied concerning the number of self-infusions the rat was able to perform during the session.
FR procedure
A fixed ratio 1 (FR1) schedule of reinforcement was first carried out for 6 days during daily 2-h sessions to habituate animals to the cocaine self-administration paradigm. This was followed by an FR5 schedule that was carried out for 7 days during daily 2-h sessions. The DNMT inhibitors were infused 20 min before each cocaine self-administration session.
Within-session cocaine dose-response procedure
Following the habituation phase, rats were submitted to the FR5 schedule during five daily sessions, using a cocaine dosage of 0.75 mg/kg/injection. A within-session cocaine dose-response procedure was then established, in which the cocaine dosage decreased every 50 min within each session. The successive cocaine dosage was 0.75, 0.33, 0.25, 0.125 and 0 mg/kg/injection prepared in saline solution, with a 10-min gap between each dose. Eight cocaine dose-response experiments were carried out with vehicle, followed by eight dose-response sessions in which dAZA was infused 1 h before the beginning of each session.
Statistical analysis
Results are expressed as means ± SEM. The effect of DNMT inhibitors during the totality of the FR5 sessions was analyzed by two-way analysis of variance (ANOVA) for repeated measures (treatment and session as factors of variation and the session factor considered as a repeated measure) between groups of rats. In the within-session cocaine dose-response protocol, the DNMT inhibitor effect was analyzed by three-way ANOVA for repeated measures (treatment, session and dose of cocaine as factors of variation). Student-Newman-Keuls post hoc test was performed and significance was set at P ≤ 0.05.
Whole-genome methylation analysis
Rats were killed 24 h after the last daily self-administration session of the FR protocol by an overdose of pentobarbital (100 mg/kg, i.p.), the brain was removed and PFCx was dissected. For each of the three treatment groups (rats self-administering cocaine treated with or without dAZA and control rats that received saline in response to NPs completed in the active hole), brain tissue from two rats displaying a very similar record of cocaine intake was pooled for analysis. Genome-wide methylation analysis was carried out by Active Motif (Carlsbad, CA, USA). Methylated DNA was specifically enriched from genomic DNA sheared to fragments ranging from 150 to 300 bp by sonication, using the MethylCollector™ Ultra Kit (Active Motif). Purification was achieved through the formation of binding complexes between methylated DNA and the methyl-binding proteins MBD2b and MBD3L1. A Next-Gen Sequencing library was then prepared followed by sequencing and data analysis. An average of about 32 million reads were sequenced for each sample using the Illumina HiSeq 2500 platform and aligned to the rat genome. For the analysis, tag numbers were normalized to the lowest number among the samples, which was 16.3 million. Model-based Analysis of ChIP-Seq (MACS) algorithm was used as the peak finding method, taking into account equal numbers of methylated sample tags (treatment file) and input tags (control file). The stringency was set to P-value = 1.e −10 , which resulted in about 140 000 peaks per sample. Based on the number of 'negative peaks' called by MACS, the false discovery rate was estimated to be very low (<0.4% for all samples). Methylation was detected in at least one of the samples for 188 926 genomic regions and therefore called differentially methylated regions or DMRs.
Validation of gene methylation or hydroxymethylation by qPCR
To validate some methylome data, we used several groups of rats that underwent cocaine self-administration and dAZA treatment, together with their control counterpart groups. Brain samples were obtained from rats killed 2 h after the last self-administration session and no significant difference was noticed with samples from rats killed 24 h after the last session. These groups were distinct from those used for the methylome analysis. All the rats that were selected exhibited similar behavioral profile. One cocaine-administering group (plus control group) was used for validation of gene methylation. To this end, rats were killed by an overdose of pentobarbital, their brains were removed and genomic DNA was extracted from PFCx. About 5 μg of DNA was sheared to fragments ranging from 200 to 600 bp by sonication in 200 μl of 10 mM Tris-Cl buffer, pH 8.0, with a Bioruptor ® Plus (Diagenode, Liège, Belgium) using 30 cycles at low power setting (30 seconds on and 90 seconds off) at +4 ∘ C. Methylated DNA fragments were enriched using the MethylCollector Ultra Kit (Active Motif). The complexes formed between the methyl-binding proteins (MBD2b and MBD3L1) and methylated DNA fragments were collected and dissociated with proteinase K. Methylated DNA fragments were further purified by phenol/chloroform extraction and ethanol precipitation. Quantitative polymerase chain reaction (qPCR) was performed on individual samples using a Light Cycler instrument and technology (Roche Applied Science, Indianapolis, IN, USA) with EvaGreen ® dye for detection. The PCR comprised an initial denaturation step of 10 min at 95 ∘ C, followed by 50 cycles; one cycle consisted of 15 seconds at 95 ∘ C, 20 seconds at 60 ∘ C and 25 seconds at 72 ∘ C. Primers were designed with Primer3 Input (version 0.4.0) and Primer-Blast to hybridize selected DMRs (see Table S1 , Supporting information, for characteristics of the primers). Quantification of results was achieved using the standard curve method in which a standard curve is first constructed from a mixture between the input material and enriched methylated fragments of known concentration. Relative enrichment in methylation was estimated as the ratio of the signal obtained with enriched methylated fragmented divided by that obtained with the input fragments. Specificity of PCR products was verified by melting curve analysis and agarose gel electrophoresis. The PCR was performed in triplicate for each DMR. Data were analyzed by standard two-tailed Student's t-test and significance was set at P ≤ 0.05.
Distinct cocaine-administering and control groups were used for measuring hydroxymethylation of genes by qPCR analysis. Rats were killed by an overdose of pentobarbital. About 5 μg DNA was sheared to fragments ranging from 200 to 600 bp by sonication (as indicated above). Hydroxymethylated DNA fragments were enriched by immunoprecipitation with a highly specific purified 5hmC antibody (hMeDIP, Active Motif). The qPCR was performed on individual samples with the same primers used for methylation analysis.
RT-qPCR analysis
A distinct cocaine-administering group was used for measuring gene expression by reverse transcriptase (RT)-qPCR analysis. Two additional control groups received i.v. saline instead of cocaine in response to NPs completed into the active hole and were treated with or without dAZA. Rats were killed by an overdose of pentobarbital. Brains were removed and total RNA was extracted from PFCx, as described earlier (Host et al. 2011) . First-strand cDNA was generated from 500 ng of total RNA and random primers using M-MLV RT RNase H minus DNA polymerase (100 U, Euromedex, Souffelweyersheim, France) in a total volume of 12 μl in a 1-h reaction at 37 ∘ C. The reaction product was used for RT-qPCR assay performed as described above. Sequences and characteristics of forward and reverse primers used at 0.2 μM concentrations are indicated in Table S1 . Amplicons were designed to span exon borders to exclude potential false positive detection of genomic contamination. The PCR comprised an initial denaturation step of 10 min at 95 ∘ C, followed by 45 cycles; one cycle consisted of 15 seconds at 95 ∘ C, 20 seconds at 60 ∘ C and 20 seconds at 72 ∘ C. Quantification of results was achieved on individual samples using the ΔΔCt method and the clathrin gene as the reference gene. Specificity of PCR products was verified by melting curve analysis and agarose gel electrophoresis. The qPCR experiments were performed in triplicate for each gene. Correlation data between gene methylation and gene expression were analyzed by Pearson's correlation test.
Biological functions and network analysis
The Ingenuity Pathways Analysis tool (IPA; www.ingenuity.com, Ingenuity Systems, Redwood, CA, USA) was used for identification of altered pathways/diseases and for canonical pathway enrichment analysis. The IPA also examines the derivation of mechanistic networks that differed between the methylation data from the PFCx samples. The best scored networks were selected. The score was generated using a P-value calculation displayed as the negative log of the value. Networks with scores of 2 or higher have therefore at least 99% confidence of not being generated by random chance alone. Biological functions or canonical pathways were calculated and assigned to each network by using findings that had been extracted from the scientific literature.
Results
Effect of DNMT inhibitors on cocaine intake by rats
The first step of the study was to investigate whether modifying the global methylation pattern in the brain would alter cocaine intake by rats. Animals were therefore trained for 6 days during 2-h daily sessions of cocaine self-administration under the FR1 schedule of reinforcement. At this point, rats typically completed more than 85% of NPs into the active hole and the number of cocaine infusions during the last three sessions stayed within a 10% range. They were then submitted to the FR5 schedule of reinforcement for seven consecutive daily sessions. The DNMT inhibitors dAZA or zebularine were infused daily into the cerebral ventricles 20 min before each FR session. During the last two sessions, rats treated with the DNMT inhibitors increased three-to seven-fold the number of NPs they made into the active hole. This translated into a statistically significant increase in the number of cocaine self-infusions ( Fig. 1a ; treatment × session: F 12,113 = 2.24, P = 0.014). During the seventh session, zebularine at 5 μg/injection triggered a close to 40% increase in the number of self-injections, whereas in animals treated with the same dose of dAZA, the increase was higher, reaching more than 60%. A lower dose of the inhibitors (0.5 μg/injection) produced a lesser, statistically non-significant effect on the number of injections completed by the rats (data not shown; treatment effect: F 4,27 = 7.28, P < 0.001; zebularine effect: P = 0.662; dAZA effect: P = 0.871). Using locomotor activity control studies, we verified that the increase in NPs triggered by the rats was not the consequence of merely enhanced activity (see Fig. S1 for further details). A further argument for this comes from the fact that the number of NPs completed in the inactive hole was not affected by the DNMT inhibitors.
To determine how the DNMT inhibitors modified the reinforcing properties of cocaine, we next performed a cocaine dose-response study. For that, a within-session cocaine dose-response procedure was established under the FR5 schedule, as described in Materials and methods. Eight consecutive daily cocaine dose-response experiments were carried out with vehicle, followed by eight dose-response sessions in which dAZA was infused i.c.v. before each session. Figure 1b shows that the dose-response curve was shifted upwards by dAZA, indicating that the inhibitor enhanced the reinforcing properties of cocaine (treatment × dosage: F 4,24 = 7.80, P < 0.001).
Whole-genome methylation analysis
To obtain some clues about the underlying mechanisms responsible for the increased reinforcing properties of cocaine, we next identified genes that were differentially methylated in response to the DNMT inhibitors. A whole-genome methylation analysis was undertaken in the PFCx of three groups of rats: rats self-administering cocaine and treated with or without dAZA (corresponding to rats included in Fig. 1a ) and a group of control rats submitted to the same self-administration procedure, but which received saline instead of cocaine in response to NPs completed in the active hole. For each group, the PFCx of two animals was pooled. Genomic DNA was extracted and fragmented by sonication; the methylated fragments were then purified through binding to the methyl-binding protein complex MBD2b/MBD3L1. Libraries were generated with the enriched fragments as well as with the input DNA of each sample, which were then sequenced and analyzed, as described in Materials and methods. Between 78% and 80% of methylated regions were found to be common between the three samples, indicating that the treatments did not produce some major global methylation reaction. Ultimately, analysis of the methylated fragments allowed the characterization of 188 926 DMRs between the three groups of rats. Figure 2 shows the distribution of these DMRs on the rat genome. Surprisingly, a substantial amount of DMRs (42%) were found to be located outside genes, occasionally The number of self-injections reached during 2-h daily sessions is expressed as mean ± SEM. Vehicle-treated (n = 8), dAZA-treated (n = 6) and zebularine-treated (n = 8) groups of rats were studied. *P < 0.05, **P < 0.01, ***P < 0.001, two-way ANOVA for repeated measures (treatment and session as factors of variation) followed by Student-Newman-Keuls post hoc test. (b) Within-session cocaine dose-response curve in which the cocaine dosage decreased every 50 min within each session. The curves represent the average of self-injections achieved during the last three sessions carried out with either vehicle or dAZA infused 1 h before the beginning of each session. Vehicle-and dAZA-treated (n = 7) groups of rats were studied. **P < 0.01, ***P < 0.001, three-way ANOVA for repeated measures (treatment, session and dose of cocaine as factors of variation) followed by Student-Newman-Keuls post hoc test. in large intergenic regions. About half of the DMRs (49%) were located inside gene bodies. Another 17 031 group of DMRs (9% of total) were found in the promoter regions of genes, defined as regions expanding 7500 bp upstream and 2500 bp downstream to the transcription start site (TSS), but only 657 DMRs were located within CpG islands in the 10-kb wide promoter regions. The DMRs found in close proximity (±500 bp) to the TSS, which is often covered by CpG islands, constituted only 1.1% of total DMRs. This underlines that in our study, about 99% of methylation changes occurred outside CpG islands.
Inhibition of DNMTs alters cocaine intake by rats
Effect of the treatment on the number of DMRs and of differentially methylated genes
We next investigated how many hypo-and hypermethylated DMRs were present in PFCx of rats self-administering cocaine as compared with control rats that received saline for NPs achieved into the active hole. Table 1 shows that when arbitrarily considering a methylation ratio [cocaine]/[saline] ≤ 0.75 (which characterizes hypomethylation) or ≥1.25 (which characterizes hypermethylation), the number of hypomethylated DMRs equals roughly the hypermethylated ones. This was not the case when considering a more severe methylation ratio in which [cocaine]/[saline] was arbitrarily defined as ≤0.6 or ≥1.4. Under this specification, one may notice that cocaine administration yielded approximately twice as many hyper-than hypomethylated DMRs. Very surprisingly, treatment with the DNMT inhibitor dAZA of rats self-administering cocaine also generated more hyperthan hypomethylated DMRs. There were about threefold more hypermethylated DMRs when considering the most stringent condition.
When now considering the amount of differentially methylated genes instead of the number of DMRs, data obtained with dAZA were similar. Hypermethylated genes outnumbered 3.2-fold hypomethylated ones when considering the most stringent condition. The situation is not as clear for rats self-injecting cocaine compared with control rats. There were about 1.3-fold more hypermethylated genes when considering the most stringent condition; in contrast, the number of hypomethylated genes was twice that of hypermethylated ones in the less stringent condition.
In addition, we noticed that many genes differentially methylated in rats taking cocaine were also differentially methylated by the dAZA treatment. Indeed, among genes regulated by cocaine, 38.5% and 34.4% were also regulated by dAZA when considering the low and high stringent condition, respectively. Of interest, genes hypermethylated under one condition were very often demethylated under the second condition.
Validation of gene methylation/hydroxymethylation by qPCR
To confirm the results from the methylome analysis, we next tempted to validate some gene methylation data. Using their affinity property for MBD2b/MBD3L1 complexes, methyl-CpG-enriched DNA fragments were prepared as described in Materials and methods. Using qPCR, we verified that some of the genes were indeed differentially methylated between the various groups. The experiment was carried out in groups of rats distinct from those used for the methylome analysis. The PCR primers were designed for selected DMRs. Owing to the high GC content of most DMRs and probably also because of the low recovery in the preparation of enrichment fragments, completion of the PCR was very challenging and only about 10% of designed 'methylation primers' directed polymerase reaction with significant efficiency. Nevertheless, validation experiments succeeded for two differentially methylated genes, using rats self-infusing cocaine compared with control rats (Fig. 3) .
The HDAC2 (histone deacetylase 2) gene was selected because its expression was already known to be regulated by cocaine (Host et al. 2011) . The methylome analysis indicated that five intragenic DMRs were located in the gene, but only the DMR numbered 110816 within exon 9 was differentially methylated by cocaine (Fig. 3a) . Figure 3c shows that, following treatment with cocaine, methylation density of the DMR was indeed decreased in validation experiments (P = 0.048, Student's t-test). An approximately 25% decrease was observed in full agreement with the estimated value of 24% decrease reported in the methylome analysis. Interestingly, the decrease in methylation was accompanied by a 36% increase in hydroxymethylation density ( Fig. 3d ; P = 0.044, Student's t-test). The observation is consistent with hydroxymethylation originating directly from methylation via some TET activity. The decreased methylation was accompanied with an increase in the protein expression analyzed by western blot experiments (see Fig. S2 for further details), in agreement with a previous study indicating that the number of cells expressing HDAC2 in the cingulate cortex is much higher 2 h after the last cocaine self-administration session (Host et al. 2011) .
Likewise, we validated the increase in methylation upon cocaine intake of the DMR 57083 found in the CNRIP1 (cannabinoid receptor interacting protein 1) gene. This DMR, located in the promoter region, was the only one to be significantly upregulated by cocaine (Fig. 3b) . Figure 3e shows that the methylation of DMR 57083 observed in response to cocaine infusion was increased (P = 0.011, Student's t-test), whereas its hydroxymethylation density was not modified ( Fig. 3f ; P = 0.78, Student's t-test). It is noteworthy that the CNRIP1 gene, which encodes a protein that interacts with the C-terminal tail of cannabinoid receptor 1, has been found to be frequently methylated in hematological cancer types (Bethge et al. 2014) .
Correlation studies between gene methylation and gene expression
To obtain a clear picture on how differential methylation of a gene affects its expression, we analyzed the relationship between these two parameters. Rather than focusing only on individual genes, we proceeded with a correlation study that was better suited. In effect, when measured at the mRNA level using RT-qPCR, differences in expression were often low and did not reach statistical significance. Correlation study was carried out separately when methylation was occurring in the promoter region of a gene, and when it occurred inside gene bodies. To this end, 11 genes were first selected that displayed one or more DMR exclusively located in the promoter region, upstream of the TSS. No criterion, other than presenting a high differential methylation, was applied in selecting these genes; in particular, they were chosen irrespective of the function of the proteins they encode. Characteristics of selected genes and location of the DMRs are indicated in Table 2 . As an illustration, the complete methylation density is shown for one of those genes, the meteorin gene (Fig. 4a ). Meteorin is a neurotrophic factor promoting neurogenesis and responsible for maintenance and plasticity of adult neurons (Wang et al. 2012) . The DMR 29061, located in the promoter region of the gene, was clearly hypomethylated in response to cocaine. It is noteworthy that a large non-methylated CpG island is present around the TSS. When gene expression was plotted vs. gene methylation for the complete set of selected genes, a strong correlation was found with a coefficient of −0.86 ( Fig. 5a ; P = 0.00049, Pearson's correlation test), showing that, at least when DMRs are located in the promoter regions, expression of a gene is indeed inversely proportional to its methylation. The same study was then conducted for DMRs located inside genes. Twenty genes were selected with one or more DMR exclusively located in gene bodies. Again, they were chosen irrespective of the function of the proteins they encode. Characteristics of selected genes and location of the DMRs are indicated in Table 3 . The complete methylation density is illustrated for one of the genes, the lztfl1 gene (Fig. 4b) , which encodes a leucine zipper transcription factor that promotes neurite outgrowth (Sakurai et al. 2011 ). The figure shows that DMR 178806, which is located 5140 bp downstream, was actually hypermethylated twofold in the PFCx of rats self-administering cocaine. When gene expression was plotted vs. gene methylation for all the 20 genes, the correlation coefficient was −0.14 ( Fig. 5b ; P = 0.75, Pearson's correlation test), showing that no correlation could be established when DMRs are located in gene bodies.
Data network analysis and visualization
Using the literature-based IPA, we further explored how differentially methylated genes are related. To begin with, genes from the PFCx of animals self-administering cocaine were considered. Genes that displayed a methylation ratio [cocaine]/[saline] ≤ 0.6 or ≥1.4 were selected for analysis. Of the biological functions and diseases, 'neurological disease' and 'development disorder' were the most overrepresented among the 554 mapped genes taken into account by the software. It was reassuring that among diseases, 'cocaine dependence' was highlighted, involving genes such as those encoding carbonic anhydrases, aldehyde dehydrogenase as well as 5-HT2B and GABAA1 receptor. The IPA identified the canonical pathway 'cdc42 signaling' as exhibiting the greatest significance. The pathway, known to regulate actin localization, protein trafficking and cell movement, includes the guanine nucleotide exchange factors (GEFs) encoded by Arhgef6 and Arhgef9 which activate Rac1 or cdc42, the GEF proteins encoded by Arhgef5 and Arhgef11 which activate Rho, and the GTPase-activating proteins encoded by Arhgap1 and Arhgap12. Downstream regulators present in the analysis included the ROCK (Rho kinase) which is activated by RhoA-GTP, and the kinases PAK2-like and PAK3, the latter participating in Rac1-and cdc42-mediated cytoskeletal rearrangements and cell motility. The analysis also showed 57 genes to be involved in 'nervous system development and function'.
Furthermore, the program uncovers the most significant networks relevant to the data set, based on a calculated probability score. As described in Materials and methods, networks with scores of 2 or higher have at least 99% confidence of not being generated by random chance alone. In the present analysis, 14 different networks displaying scores > 20 The qPCR experiments performed on enriched hydroxymethylated DNA fragments show that hydroxymethylation density of the HDAC2 gene (DMR 110816) was increased by cocaine intake (d), while no effect was observed in the case of the CNRIP1 gene (f). Similarly, brain samples were obtained from rats killed 2 h after the last self-administration session. Each bar represents gene methylation expressed as mean ± SEM (n = 3-4 rats per group). *P < 0.05 (Student's t-test). When several DMRs are present in the promoter region, the methylation ratio indicated is that corresponding to the gene.
were extracted from the data. Two top score networks are shown in Fig. 6 . One network is centered on ERK1/2 kinase (Fig. 6a) , which includes a neuroprotection/prosurvival pathway that comprises VEGF (vascular endothelial growth factor), NAMPT (nicotinamide phosphoribosyl-transferase), Prdx5 (peroxiredoxin 5) which plays an antioxidant protective role under normal conditions and during inflammatory processes, and Bet1, a Golgi vesicular membrane trafficking protein. The network also includes several Rab-GTPases that are emerging as playing key importance in directional control of vesicle formation, transport and fusion. Ethanol has already been shown to affect levels of Rab-GTPases, which participate in neuronal development and shaping of cognitive functions (D' Adamo et al. 2014) . The other network is centered on NF B (nuclear factor -light-chain-enhancer of activated B cells) transcription factor (Fig. 6b) , which is known to be involved not only in inflammation but also in synaptic plasticity. It includes clock genes, the expression of which has already been shown to be under the control of drugs of abuse. In the mPFC (medial prefrontal cortex), the clock gene is related to Srr, a serine racemase which was shown to be decreased by ethanol in the PFCx (Pickering et al. 2015) . It is also related to ACSL4, encoding an acyl-CoA synthetase which regulates dendritic spine architecture; mutations or deletions of the gene are the cause of a non-syndromic X-linked intellectual disability (Meloni et al. 2009 ). We next considered genes from the PFCx of animals self-administering cocaine and treated with or without dAZA. Genes that displayed a methylation ratio [cocaine + dAZA]/ [cocaine] ≤ 0.6 or ≥1.4 were selected for the analysis. The Venn diagram in Fig. 7a illustrates the fact that among differentially methylated mapped genes, 179 were common between rats taking cocaine and treated with dAZA compared with rats self-injecting cocaine only, whereas 425 were only found in the PFCx of rats taking cocaine and treated with dAZA. As rats treated with dAZA increased their cocaine intake, we analyzed the function and relationship between these 425 differentially methylated genes to obtain some clues on the neurobiological mechanisms underlying the behavioral changes. In this analysis, IPA identified the canonical pathway of 'axon guidance signaling' as displaying the greatest significance, with 15 genes involved in this signaling. Concerning the networks, 11 different networks displaying scores > 20 were showed by the IPA program. The top score network was centered on the Akt/PI3K (phosphatidylinositol-3-kinase) pathway (Fig. 7b) , which is known to play an important role in cell survival and neuroprotection. Another network was centered on PP1 (protein phosphatase-type 1) protein complex and NAB (NGFI-A-binding protein) proteins (data not shown). It is noteworthy that we already found in an early study that the Egr corepressor NAB2 protein was rapidly and transiently stimulated by cocaine (Jouvert et al. 2002) . Three other networks identified the polyubiquitin precursor ubiquitin C as playing a major role, which probably reflects the many ubiquitination reactions taking place within a cell.
Discussion
Behavioral effects of DNMT inhibitors
The present study shows that i.c.v. injection to rats of the non-selective DNMT inhibitors, dAZA and zebularine, was sufficient to dose dependently increase the reinforcing properties of cocaine measured in a self-administration paradigm. So far, studies investigating the role of DNA methylation in the mode of action of drugs of abuse were focused on the ventral tegmental area and the nucleus accumbens (NAc) (Alaghband et al. 2016) . It was found for instance that NAc DNA methylation plays some role in incubation of cocaine craving (Massart et al. 2015) . The DNMT inhibitors were found to delay cocaine-induced behavioral sensitization (Anier et al. 2010) and to alter acquisition or expression of cocaine-induced conditioned place preference (Han et al. 2010) . Another approach has used the methyl donor methionine to inhibit the establishment of cocaine-induced, but not food-induced place preference (Tian et al. 2012) . Rather than involving genome-wide methylation changes, most of these studies concerned alterations in the methylation of specific genes (Anier et al. 2010; Carouge et al. 2010; Pol Bodetto et al. 2013) .
Concerning active DNA demethylation, there are currently very few studies examining the action of cocaine on TET activity, which catalyzes the conversion of 5mC to 5hmC (Alaghband et al. 2016) . It is becoming clear that 5hmC not only serves as a DNA demethylation intermediate, but probably also functions as an epigenetic mark in its own right. Repeated cocaine administration resulted in decreased TET1 expression in the NAc, whereas the levels of TET2 and TET3 remained unchanged (Feng et al. 2015) . In the present study, cocaine-induced 5hmC rise was associated with decreased 5mC density in the HDAC2 gene. This rather Table 2 . Correlation coefficient: −0.86; P < 0.001 (Pearson's correlation test). (b) Genes were selected for differential methylation occurring exclusively inside gene bodies. Location of DMRs and characteristics of the genes for which the expression is shown here is given in Table 3 . Correlation coefficient: −0.14; P = 0.75 (Pearson's correlation test).
suggests that some site-specific TET activity was stimulated by cocaine in the PFCx. A recent study reported that, in comparison with control animals, methamphetamine-addicted rats showed differential DNA hydroxymethylation (Cadet et al. in press) , which occurred mostly at intergenic sites. Differentially hydroxymethylated regions were identified in genes encoding voltage-and calcium-gated potassium channels in the NAc of non-addicted rats when compared with addicted rats.
Concerning the behavioral effect, it was reported that TET1 knockdown in the NAc facilitated the acquisition of cocaine-induced conditioned place preference, while overexpression of TET1 in the same structure weakened it (Feng et al. 2015) . Considering that deletion of TET1 supposedly increases the amount of 5mC, the data are in line with one of our present findings in which treatment with the DNMT inhibitor dAZA produced an unexpected hypermethylation of genes, an effect associated with enhanced reinforcing properties of cocaine. On the other hand, a substantial number of genes were indeed found to be hypomethylated by the dAZA treatment. The differential methylation probably results from adaptation mechanisms that occurred during the treatment which was conducted over 13 days, a period during which animals also took large amounts of cocaine. It favors the more realistic proposal that reward requires the methylation of some genes and demethylation of others.
Genome-wide DNA methylation analysis
Our study indicates that DNA methylation is a highly dynamic process, as nearly 189 000 DMRs were identified in the PFCx in response to repeated cocaine and dAZA treatment. It is important to keep in mind that methylated fragments were enriched using their affinity for methyl-binding proteins, a process that recognizes 5mC, but not 5hmC. Furthermore, it should be noted that in comparison to the methyl-DNA immunoprecipitation technique that is based on enrichment with antibodies, the technique of methyl-binding protein capture is more sensitive and favors regions of higher CpG density (Nair et al. 2011) . Particularly intriguing is the fact that 42% of DMRs were located in intergenic regions. So far, most of the studies related to gene regulation by methylation have been focused on gene promoters. It is therefore somewhat peculiar that we found only 9% of DMRs located in those promoter regions and only 1% around the TSS frequently covered by CpG islands. On the other hand, one has to take into consideration that <3% of CpG islands in 5 ′ promoters are methylated in the human brain (Maunakea et al. 2010) . Our data indicate that the dynamic control of DNA methylation in cortical cells of rats taking cocaine occurs predominantly outside CpG islands.
We also investigated the effect of gene methylation on gene expression in the PFCx of rats self-administering cocaine. By selecting genes that were exclusively methylated in their promoter region upstream from the TSS, we clearly confirm the inverse correlation between promoter methylation and gene transcription. Methylation-induced gene silencing is achieved by either preventing transcription factor binding or recruiting repressive methyl-binding proteins such as MeCP2 (methyl-CpG-binding protein 2) or MBD1 (methyl-CpG-binding domain 1). We already found a substantial increase in these two methyl-binding proteins in dopaminergic projection areas after repeated cocaine injections (Cassel et al. 2006) or in rats self-administering cocaine (Host et al. 2011) . The finding was extended by showing that decreasing MeCP2 levels in the dorsal striatum resulted in lesser cocaine intake by rats, suggesting that MeCP2 is actually necessary to convey the effects of the psychostimulant (Im et al. 2010) .
In contrast, no overall correlation (gene expression vs. gene methylation) could be established for genes for which the methylation occurred exclusively in gene bodies. We observed a great variation, although, among the 20 selected methylated genes, with some being somewhat activated When several DMRs are present inside a gene, the methylation ratio indicated is that corresponding to the gene.
when hypermethylated while others were rather downregulated. In the latter case, the presence of alternative promoters in gene bodies cannot be ruled out. Hence, our observation does not support the statement that methylation in gene bodies is positively correlated with transcription (Hellman & Chess 2007; Lister et al. 2009; Sati et al. 2012) . It is rather in agreement with the statement that in tissues such as the brain, active and inactive gene bodies share similar methylation levels (Aran et al. 2011) . Otherwise, this methylation was suggested to be involved in the control of alternative splicing because regions at the exon-intron junctions were found to be frequently methylated (Maunakea et al. 2010; Sati et al. 2012) . Interestingly, in our study, several DMRs identified in the HDAC2 gene were precisely located at the splicing sites described for the mouse or human gene. Again, MeCP2 may be involved in the process as it was shown to participate to the regulation of splicing by promoting exon recognition (Maunakea et al. 2013; Young et al. 2005) .
Data network analysis
We explored how the differentially methylated genes from the PFCx of animals self-administering cocaine are interconnected. Using IPA, these genes were used as the starting point for generating biological networks based upon the identities of the focus proteins and interactions with genes/proteins that were reported in the literature. One top score network was centered on ERK1/2 kinase which controls a plethora of substrates involved in cocaine-mediated molecular and behavioral adaptations. The other network was centered on NF B transcription factor. Canonical NF B is known to orchestrate inflammation and a few other immune responses; it was also found to promote viability through the induction of several anti-apoptosis genes (Mao et al. 2009 ). As it is linked to growth and elaboration of neural processes, it has implications for learning and memory in the mature brain. Interestingly, repeated cocaine administration has already been shown to induce NF B in the NAc where it regulates dendritic spine density (Russo et al. 2009 ). That IPA analysis points to this signaling pathway is very much in line with recent data indicating that the escalating deleterious effects of psychostimulant use could in part involve neuroinflammatory mechanisms. Cocaine clearly induces microglial activation and interleukin 6, which figures among the cytokine regulated by cocaine (Liao et al. 2016) , is central to network 7 (score 26) in our study. Human chronic cocaine abusers show significant neuroinflammation in the brain, with lower neuronal markers in the frontal brain regions, suggesting that neuronal injury or dysfunction may be related to the ongoing neuroinflammation (Chang et al. 2013 ). When exploring differentially methylated genes from the PFCx of animals taking cocaine and treated with dAZA, a condition in which rats increased their cocaine intake, IPA identified the canonical pathway of 'axon guidance signaling' as displaying the utmost significance. Interestingly, axon guidance signaling molecules are reckoned to be present not only during development but also in adults where their expression can be reactivated under pathological conditions. The Underlined genes were found to be altered in methylation in the PFCx of rats self-administering cocaine. Non-underlined genes are also part of the pathway/network, but were not found to be altered in our study (From IPA software). Functional top network analysis of the 425 differentially methylated genes found only in cocaine-taking rats treated with dAZA. The score of the network is 46 and includes 27 genes. Underlined genes were found to be altered in methylation; non-underlined genes are also part of the pathway/network, but were not found to be altered in our study (From IPA software). top score network was centered on the Akt/PI3K pathway, known to play an important role in cell survival and neuroprotection. Growth cone chemoattraction actually requires phosphatidylinositol (3,4,5)-trisphosphate (PI(3,4,5)P3) production and Akt activation (Henle et al. 2011 ) and cocaine-induced structural plasticity of the mesencephalic dopaminergic neurons are directly regulated by the dopamine D3 receptor and ERK/Akt pathways (Collo et al. 2012) . In the NAc, hippocampus and PFCx, the Akt/GSK3 signaling pathway is critically implicated in the reconsolidation of cocaine contextual reward memory (Shi et al. 2014) . Moreover, it participates in psychostimulant-induced behavioral sensitization (Zhang et al. 2015) . In addition to the Akt pathway, axonal guidance is strongly controlled by the Rho family of GTPases. Typically, the Rho-GTPases Rac1 and Cdc42 promote the formation, growth and maintenance of spines, whereas RhoA inhibits these processes (Newey et al. 2005) . Coincidentally, IPA identified the canonical pathway 'cdc42 signaling' as exhibiting the greatest significance among the genes methylated in response to cocaine self-administration. Remarkably, many genes belonging to the Rho-GTPase family also showed up as differentially methylated in response to dAZA.
In summary, contingent increase in cocaine intake by rats in response to DNMT inhibitors underlies plasticity mechanisms in the PFCx which mainly concern axonal growth and synaptogenesis as well as spine remodeling. Together with the Akt/PI3K pathway, Rho-GTPases appear to be of paramount importance in determining dendrite and dendritic spine development and morphology in response to dAZA. Interestingly, impaired cytoskeleton remodeling associated with synaptic or spine dysfunction is often associated in humans with intellectual disability, with the Rho-GTPase family being a central contributor (Ba et al. 2013; Duman et al. 2015) . It is rather thought-provoking to notice that pathways leading to intellectual disability when impaired are used by the psychostimulant cocaine to establish some of its long-term effects through DNA methylation.
Supporting Information
Additional supporting information may be found in the online version of this article at the publisher's web-site: Table S1 : Sequence and characteristics of the primers used. Figure S1 : The DNMT inhibitor dAZA does not affect cocaine-induced locomotor activity. Two groups of rats were given i.c.v. injections of dAZA or vehicle 20 min before cocaine injection. Locomotor activity, measured as described previously (Romieu et al. 2008) , was expressed as beam breaks over 10-min periods. After a 130-min habituation session in the test chamber, rats were given an i.v. cocaine injection (time 0; 1 mg/kg) and locomotor activity was monitored over the next 60-min period. The curves represent the average of five sessions and each point represents the mean ± SEM (n = 5 rats per group); dAZA treatment effect: F 1,7 = 0.59, P = 0.46. Figure S2 : Validation of gene methylation/protein expression. Decreased methylation density of HDAC2 gene (DMR 110816) was accompanied by a strong increase in HDAC2 protein expression in rats taking cocaine compared with control animals, as revealed by western blot experiments. Homogenate proteins (20 μg) from PFCx were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto nitrocellulose membranes. The latter were incubated overnight at 4 ∘ C with anti-HDAC2 rabbit monoclonal antibody (Merck Millipore, Darmstadt, Germany) diluted 1:2000 in blocking buffer. After washing, blots were incubated in a 1:50 000 dilution of biotinylated secondary donkey anti-rabbit antibody (Jackson ImmunoResearch Lab, West Grove, PA, USA) for 1 h at room temperature, followed by streptavidin-alkaline phosphatase conjugation. Antibody binding was detected by a chemiluminescent technique (ECL prime, GE healthcare, Piscataway, NJ, USA). Separate blots were also analyzed for GAPDH by overnight incubation with anti-GAPDH rabbit polyclonal antibody (Abcam, Cambridge, UK) in a 1:2000 dilution. Densitometric analysis was performed using the gel analysis tool of ImageJ 1.48 software (NIH, Bethesda, MD, USA). HDAC2/GAPDH signal ratio was calculated for each sample. Each bar represents protein expression and is expressed as mean ± SEM (n = 3-4 rats per group). *P < 0.05 (Student's t-test).
